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Salt-Regulated Mannitol Metabolism in Algae
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Abstract

Mannitol, one of the most widely occurring sugar
alcohol compounds, is found in bacteria, fungi,
algae, and plants. In these organisms the compound
acts as a compatible solute and has multiple func-
tions, including osmoregulation, storage, and regen-
eration of reducing power, and scavenging of active
oxygen species. Because of the diverse functions of
mannitol, introducing the ability to accumulate it
has been a hallmark of attempts to generate highly
salt-tolerant transgenic plants. However, transgenic
plants have not yet improved significantly in their
salt tolerance. Recently, we purified and character-
ized 2 enzymes that biosynthesize mannitol, man-
nitol-1-phosphate dehydrogenase (MIPDH) and
mannitol-1-phosphate-specific phosphatase, from
the marine red alga Caloglossa continua, which
grows in estuarine areas where tide levels fluctuate
frequently. The activation of Caloglossa M1PDH is
unique in that it is regulated by salt concentration at
enzyme level. In this review we focus on the
metabolism of mannitol, mainly in marine photo-
synthetic organisms, and suggest how this might be
applied to producing salt-tolerant transgenic plants.
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Introduction

Mannitol, a 6-carbon acyclic sugar alcohol, is one of
the most abundant polyols occurring in nature (Stoop
et al,, 1996). It is synthesized in a diverse group of
organisms, including bacteria (Wisselink et al., 2002),
fungi (Jennings, 1984), apicomplexa (Schmatz et al.,
1989), algae (Ben-Amotz and Avron, 1983; Kremer
and Kirst, 1982), lichens (Armstrong and Smith,
1998), and higher plants (Bieleski, 1982). In many
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photosynthetic organisms mannitol is synthesized as
a major primary photosynthetic product (Yamaguchi
et al.,, 1969) and is used as an important translocatory
(Schmitz and Srivastava, 1975) and storage com-
pound (Kremer and Willenbrink, 1972). In these
organisms mannitol has important physiologic
functions owing to its biologically important prop-
erties, such as high solubility and high compatibility
with organic macromolecules. Here we describe the
biological significance of mannitol and its metabo-
lism in various organisms.

Biological Significance of Mannitol

One of the most important physiologic functions of
mannitol is the control of cell turgor: mannitol in-
creases in intracellular concentration at low water
activity, as in hypertonic conditions (Karsten et al.,
1997a; Yancey et al., 1982; Davison and Reed, 1985).
In highly saline environments mannitol accumula-
tion was observed in several brown algae (Munda,
1964; Reed et al., 1985), the red alga Caloglossa
leprieurii (Karsten et al., 1994; Mostaert et al,
1995a), the prasinophycean alga Platymonas suecica
(Hellebust, 1976), several fungi (Allaway and Jen-
nings, 1970; Jennings, 1984; Stoop and Mooibroek,
1998), and a higher plant, Apium graveolens (Stoop
and Pharr, 1994). Some parasitic flowering plants,
such as witchweed and broomrape, enhance their
osmolarity by accumulating mannitol, thus enabling
the parasites to absorb water and nutrients from
their host plants because of the difference in water
potential (Simier et al., 1998; Robert et al., 1999;
Delavault et al., 2002).

Mannitol may also function as an antioxidant
owing to its ability to scavenge free radicals (Tandon
et al., 2003; Yu et al., 2003). Smirnoff and Cumbers
(1989) showed that mannitol rescued the hydroxyl-
ation of salicylate and dénaturation of malate dehy-
drogenase from the hydroxyl radical, a most potent
oxidant in vivo. Some fungal phytopathogens also
accumulate mannitol for neutralizing the high
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Fig. 1. Metabolic pathway of biosynthesis and degradation
of mannitol. A: Proposed mannitol metabolism in non-
lactic-acid bacteria and homofermentative-lactic-acid
bacteria (a) and heterofermentative-lactic-acid bacteria (b).
B: Proposed mannitol metabolism in fungi (modified from
in Wisselink et al., 2002). C: Proposed mannitol biosyn-
thesis and catabolism in source (left) and sink (right) tis-
sues of higher plants (modified from Stoop et al., 1996).
PTS indicates phosphoenolpyruvate-dependent mannitol
phosphotransferase system; 1, mannitol-1-phosphate
dehydrogenase (MI1PDH);, 2, mannitol-1-phosphatase
(M1Pase); 3a, mannitol 2-dehydrogenase (M2DH); 3b,
NADP-dependent M2DH; 4, hexokinase; 5, sugar phos-
phatase; 6, mannose-6-P isomerase; 7, mannose-6-P
reductase; 8, mannitol 1-dehydrogenase (M1DH). Table 1
lists the isolation and gene registration of these enzymes.
Circled minus and plus symbols, down- and upregulation
of the reaction.

amounts of reactive oxygen species produced by
plants in response to pathogen attacks [Apostol
et al., 1989; Joosten et al., 1990; Jennings et al., 1998;
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Keller et al.,, 1998). Interestingly, to combat the
fungal defense system, some infected plants syn-
thesize mannitol 1-dehydrogenase (M1DH]) de novo
to degrade the phytopathogen-originated mannitol,
even though the plants do not possess the pathway
for mannitol synthesis (Williamson et al., 1995,
2002; Stoop et al., 1996). The infectant protection
conveyed by MIDH was confirmed by a transgenic
tobacco plant that expressed celery MIDH and
showed high resistance to the mannitol-secreting
fungal pathogen Alternaria alternata (Jennings et al.,
2002). The radical scavenging capacity of mannitol
was demonstrated more directly by Shen et al.
(1997a), who reduced oxidative damage by hydroxyl
radicals in a transgenic plant by introducing mtID,
the mannitol-1-P dehydrogenase (M1PDH] gene of
Escherichia coli, into chloroplasts. The authors fur-
ther showed that mannitol could shield susceptible
thiol-regulated enzymes, such as phosphoribulokin-
ase, from inactivation caused by hydroxyl radicals in
the plant (Shen et al., 1997b). More recently, Abebe
et al. {2003) suggested that the performance of a
mannitol-accumulating transgenic plant improved
because of the scavenging of reactive oxygen, rather
than osmoregulatory effects, as the plant did not
accumulate sufficient mannitol to sustain the os-
motic potential. Fig. 1 summarizes the metabolic
pathways for mannitol, and Table 1 lists the en-
zymes and genes with their accession numbers.

Mannitol Metabolism in Non-photosynthetic
Organisms

In bacteria 2 different species-dependent biosyn-
thetic pathways have been elucidated (Wisselink
et al., 2002; Fig. 1, A). In non-lactic-acid bacteria and
homofermentative-lactic-acid bacteria, mannitol is
synthesized from fructose-6-P via mannitol-1-P by
MIPDH and mannitol-1-phosphatase (MIPase,
3.1.3.22; Fig. 1, A (a); Table 1). However, this path-
way is commonly used to degrade, not biosynthe-
size, mannitol to produce energy. Mannitol imported
as a carbon source is converted to mannitol-1-P by a
phosphoenoclpyruvate-dependent specific phospho-
transferase system. The mannitol-1-P is oxidized by
MI1PDH to fructose-6-P and then catabolized via the
glycolytic pathway (Fig. 1, A (a)). In contrast, het-
erofermentative-lactic-acid bacteria produce manni-
tol as a result of fructose uptake and utilization, and
mannitol is directly synthesized from fructose by
mannitol 2-dehydrogenase (M2DH) without the
synthesis of mannitol-1-P {Fig. 1, A (b); Table 1).

In fungi 2 metabolic pathways for mannitol have
been reported. In Agaricus bisporus, shiitake mush-
rooms, and Dendryphiella salina, fructose is gener-
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ated from fructose-6-P by sugar phosphatase, and
then mannitol is synthesized by the direct reduction
of fructose by M2DH, as shown in Fig. 1, B (a)
(Jennings, 1984; Kulkarni, 1990). The accumulated
mannitol is degraded via the same pathway in the
opposite direction to produce fructose-6-P by M2DH
and hexokinase (Fig. 1, B (b)). Interestingly, D. salina
also possesses an alternative pathway called a man-
nitol cycle (Fig. 1, B (b)), wherein mannitol is syn-
thesized from fructose-6-P via mannitol-1-P by
MI1PDH and M1Pase; when degraded, the accumu-
lated mannitol is decomposed to fructose-6-P via
fructose by M2DH and hexokinase (Hult and
Gatenbeck, 1978). This pathway was found in vari-
ous Fungi Imperfecti, such as Alternaria alternata
and Aspergillus niger, but not in phycomycetes, as-
comycetes, or basidiomycetes [Hult et al.,, 1980;
Jennings, 1984).

Mannitol Metabolism in Higher Plants

The differences in mannitol metabolism between
higher plants and other organisms include the spatial
separation of biosynthesis and catabolism and the
involvement of mannose-6-P and mannose in the
respective processes. Biosynthesis proceeds in leaves
[source tissue) by sequential catalysis with phos-
phomannose isomerase, mannose-6-P reductase, and
M1Pase (Everard et al., 1993; Stoop and Pharr, 1994;
Stoop et al., 1996; Fig. 1, C, left). The mannitol is
then transported to roots and very young leaves (sink
tissues), where it is stored or catabolized to produce
storage compounds and carbon skeletons for growth
by catalysis with M1DH, hexokinase, and phospho-
mannose isomerase (Fig. 1, C, right).

In higher plants mannitol metabolism is regu-
lated by the de novo biosynthesis of key enzymes,
such as mannose-6-P reductase in source tissue and
MI1DH in sink tissue, under gene expression during
development of the tissues (Everard et al., 1993;
Stoop and Pharr, 1994; Stoop et al., 1996). In addition
to such developmental control, mannitol metabo-
lism is controlled by the environmental and regula-
tory factors governing the activity of key enzymes.
Mannose-6-P reductase, which is activated by NaCl,
is controlled at an activity level by the availability of
NADPH that is controlled by nonreversible glycer-
aldehyde-3-P dehydrogenase (GAPDH; Everard et al.,
1994). Moreover, the GAPDH is controlled by
changes in the messenger RNA level in response to
high salt stress {(Gao and Loescher, 2000). In contrast,
MIDH is suppressed under high-salt stress (Stoop
and Pharr, 1994) because reduced gene expression
decreases the amount of enzyme protein (William-
son et al., 1995). In addition to the salinity effect, the
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expression of M1DH is repressed by hexose sugars
[Prata et al., 1997). When mannitol utilization is
repressed, plants can accumulate large amounts of
mannitol under normal conditions and store it under
salt stress (Stoop et al., 1996, Williamson et al.,
2002). In addition to mannitol-metabolizing en-
zZymes, sugar transporters may play an important
role in regulating mannitol utilization in celery
(Noiraud et al., 2000, 2001).

Mannitol Metabolism in Algae

Mannitol metabolism in marine photosynthetic
organisms is poorly understood in comparison to
bacteria, fungi, and higher plants, regardless of the
physiologic significance. In algal evolution the
occurrence of mannitol metabolism is still not clear.
There are no reports on mannitol metabolism activ-
ity in some algal groups, including chryptophyceans
and xanthophyceans. Kremer (1976) and Bieleski
(1982) suggested that the evidence for mannitol pro-
duction should be reevaluated, especially for studies
of rhodophycean, chrysophycean, and bacillariophy-
cean algae published before the early 1970s, because
mannitol may have been misidentified in chemical
analyses, or other mannitol-producing organisms
may have contaminated samples. However, it is
certain that the phaeophycean algae Fisenia, Dict-
yota, and Spatoglossum (Yamaguchi et al.,, 1966,
1969; Tkawa et al., 1972), the prasinophycean alga
Platymonas (Richter and Kirst, 1987), and the rhodo-
phycean alga Caloglossa (Karsten et al., 1997b) can
synthesize mannitol, because high activity levels of
mannitol-producing enzymes, such as M1PDH and
M1Pase, have been detected in these algae. In brown
and prasinophycean algae, mannitol is the main
product of photosynthesis [Carigie et al., 1966;
Yamaguchi et al., 1966). In particular, free mannitol
in brown algae composed up to 30% of the dry weight,
although its levels varied among species (Reed et al.,
1985). The metabolic pathway for mannitol in algae
is essentially the same as the fungal cycle (Fig. 1, B
(b)): mannitol synthesis is mediated by M1PDH and
M1Pase, and catabolism is catalyzed by M2DH and
hexokinase to produce fructose-6-P via fructose (Tk-
awa et al., 1972, Richter and Kirst, 1987; Karsten et
al., 1997b). The difference in the algal cycle is the
requirement for NAD in the oxidation of mannitol by
M2DH, whereas the fungal cycle utilizes NADP
(Hult and Gatenbeck, 1978).

The red alga Caloglossa is a eulittoral macro-
phyte that grows epiphytically on bank sides or reed
stems in estuaries. The alga is subjected to osmotic
stress by evaporation, rainfall, and the large changes
in salinity during low and high tides. Therefore the
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alga needs to adjust its osmotic pressure to prevent
osmotic damage (Karsten et al., 1992, 1994; West
et al,, 1992). It acclimates to osmotic changes by
inducing mechanisms for controlling intracellular
concentrations of mannitol. The biosynthesis of
mannitol in Caloglossa is unusual for a red alga,
since red macrophytes usually synthesize heteroside
floridoside, isofloridoside {Bangiales), or digeneaside
(Ceramiales) as the major products of photosynthesis
(Evans et al., 1973; Kremer and Kirst, 1982, Karsten
et al., 1999). Physiologic data have been compiled for
Caloglossa species on how concentrations of intra-
cellular salt ions and mannitol change in response to
salinity changes (Mostaert et al.,, 1995a, 1995b).
Hence this genus could serve as a model organism
for investigating how algae acclimate to salinity
changes by regulating mannitol metabolism. Karsten
and West (1993) reported that mannitol accumulated
significantly under hypertonic conditions in 6 spe-
cies of Caloglossa. Changes in mannitol concentra-
tion in C. leprieurii depended on salinity {Mostaert
et al., 1995a) and required 8 hours to accumulate a
detectable amount and 24 hours to attain a new
steady state after exposure to hypersaline conditions.
In contrast, the mannitol concentration decreased
markedly within 1 hour when the alga was exposed
to hyposaline conditions (Mostaert et al., 1995b).
Significant progress has been made in clarifying
the regulation of mannitol biosynthesis in
Caloglossa. Two enzymes in mannitol biosynthesis,
MIPDH and M1Pase, have been purified and char-
acterized in C. continua by introducing a 2-phase
partitioning system with polyethylenglycol and
ammonium sulfate (Iwamoto et al., 2001, 2003;
Iwamoto and Shiraiwa, 2005). MIPDH reacted only
with fructose-6-P and NADH in the fructose-6-P-
reducing reaction and only with mannitol-1-P and
NAD in the mannitol-1-P-oxidizing reaction. The
substrate specificity of M1Pase was also high, be-
cause only trace activity was detected with polyol
phosphates, such as sorbitol-1-P and fructose-6-P.
These results indicate that these enzymes are spe-
cific for mannitol metabolism. M1Pase was partially
inhibited by a high concentration of its mannitol
product. Therefore, mannitol biosynthesis can be
controlled by feedback regulation. Metal ions may
also be involved in the regulatory mechanism, be-
cause the Ml1Pase activity was increased about 10-
fold by 1 mM Mg?*, but inactivated by Ca>*. M1PDH
was not affected by the ion. The fructose-6-P-
reducing activity of M1PDH, which catalyzes the
conversion of fructose-6-P to mannitol-1-P, was in-
creased about 3 times by the addition of 150 mM
NaCl. However, the mannitol-1-P-oxidizing activity
of M1PDH, a reverse reaction of fructose-6-P reduc-
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Fig. 2. Effects of NaCl concentration on activity of
MI1PDH purified from red alga Caloglossa continua.
Closed circle, fructose-6-P reduction. Open circle, manni-
tol-1-P oxidation {modified from Iwamoto et al., 2003).
Error bars indicate the minimum and maximum values in
the duplicated examination.

tion, was not affected by NaCl (Fig. 2}, while M1Pase
was inhibited 60% by a seawater level (500 mM) of
NaCl.

The enzyme-level regulation of mannitol bio-
synthesis by salt is well supported. Intracellular
concentrations of Cl7, Na”, and K" were increased
from 38 mM, 8 mM, and 94 mM to 177 mM, 17 mM,
and 156 mM, respectively, when freshwater-accli-
mated C. leprieurii was transferred to seawater
(Mostaert et al.,, 1995b). The mechanism by which
MI1PDH is activated by NaCl is complex and in-
volves 3 parameters: NaCl concentration, fructose-6-
P concentration, and optimal pH. As shown in Fig. 3,
salt concentration greatly changed the dependence of
fructose-6-P reduction on fructose-6-P concentra-
tion. In the absence of NaCl, fructose-6-P-reducing
activity was saturated at 0.5 mM fructose-6-P and
strongly inhibited by the substrate at levels above
0.5 mM. In contrast, the addition of 200 mM NaCl
elevated maximal activity from 0.5 to 2.5 mM and
simultaneously eliminated the substrate inhibition.
Thus a high NaCl concentration greatly decreases
the affinity of M1PDH for fructose-6-P. This change
in activity and kinetic parameters may result partly
from changes in the optimal pH. The addition of 200
mM NaCl to a 5 mM fructose-6-P concentration
shifted the optimal pH for fructose-6-P reduction to
about 7 from less than 6.0. Interestingly, adding
NaCl to a 0.5 mM fructose-6-P concentration did not
change the optimal pH. As M1PDH is a cytoplasmic
enzyme, a shift in the optimal pH from the neutral
range would inactivate the enzyme in vivo (Karsten
et al., 1997b).

Figure 4 summarizes the metabolic pathways of
mannitol in the red alga C. continua. The principal
pathway is almost identical to that in fungi, except
that NAD-dependent M2DH (Table 1, 3a) is in-
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Fig. 3. Kinetic analysis of relation between fructose-6-P-
reducing activity and fructose-6-P concentration in
MIPDH purified from red alga Caloglossa continua. Open
circle, assayed without NaCl. Closed circle, assayed with
200 mM NaCl ({modified from Iwamoto et al., 2003). Error
bars indicate the minimum and maximum values in the
duplicated examination.

volved in C. continua. Mannitol biosynthesis may
be directly regulated at the enzyme level by metal
ions such as Mg”", product feedback control, and
salt. This system would allow rapid response to
environmental salinity changes without the time lag
required for the de novo synthesis of enzymes. Other
regulatory mechanisms activating MIPDH and
MI1Pase may also be involved. The involvement of
the fructose-6-P concentration as an activating
mechanism of MIPDH indicates that mannitol
synthesis is also regulated by the fructose-6-P supply
system. NADH supply may also control the path-
way, as nonreversible GAPDH regulates mannitol
biosynthesis in higher plants {Gao and Loescher,
2000).

When salt stress is released, mannitol synthesis
is disrupted by the inactivation of MI1PDH and
MIlPase, in a reverse manner of their activation.
Simultaneously, M2DH and hexokinase begin to
degrade mannitol (Karsten et al.,, 1997b; Fig. 4).
Considering the importance of mannitol degradation
enzymes in the regulation of mannitol metabolism
in higher plants {Stoop et al., 1996}, they could be
expected to be an important factor in elucidating
mannitol metabolism in mannitol-producing algae.
However, the characterization of M2DH in algae is
poor. Therefore understanding mannitol metabolism
in algae requires extensive investigation of the
properties and regulation of this enzyme.

Application to the Production of Salt-Tolerant
Transgenic Plants

Mannitol biosynthesis is one of the most extensively
tested targets for improving salt tolerance in horti-
cultural crops by genetic engineering. According to
Flowers {2004) salt tolerance was enhanced in 6 plant
transformation experiments performed between 1993
and 2003 that introduced mtlD, the gene encoding
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Fig. 4. Regulatory mechanism of mannitol metabolism in
red alga Caloglossa (modified from Iwamoto et al., 2004).
1, M1PDH; 2, M1Pase; 3a, M2DH; 4, hexokinase. Circled
minus and plus symbols, down- and upregulation of the
reaction.

MI1PDH. The plants used were tobacco (Tarczynski et
al., 1993; Karakas et al., 1997), Arabidopsis {Thomas
et al., 1995), wheat {Abebe et al., 2003}, and rice (Lee
et al., 2000; Wang et al., 2000). However, the trans-
genic plants showed little improvement in their
salinity tolerance. One possible reason is that the
transgenic plants accumulated relatively low levels of
mannitol compared with mannitol-accumulating
salt-tolerant plants (Reed et al., 1985; Tarczynski et
al., 1992; Karsten and West, 1993; Stoop and Pharr,
1994). Carbon and energy metabolism may also have
been disrupted by the overexpression of mtID (Hare et
al., 1998; Abebe et al., 2003).

Mannitol-metabolizing enzymes in C. continua
exhibit unique properties in regulating enzyme
activation compared with bacterial MIPDH
(Watanabe et al., 2003). Since the Caloglossa enzyme
is autoregulated by the balance of the intracellular
concentration of NaCl and fructose-6-P, the intro-
duction of Caloglossa M1PDH instead of E. coli
MIPDH could be expected to improve the salt tol-
erance of transgenic plants without disturbing cel-
lular metabolism. The introduction of Caloglossa
MIlPase in addition to MIPDH may further benefit
the plants. The mannitol-accumulating transgenic
land plants produced so far do not possess M1Pase;
instead, the final step of mannitol biosynthesis is
catalyzed by a substrate non specific phosphatase
(Tarczynski et al., 1992; Thomas et al., 1995). The
level of mannitol accumulation should be higher in
transgenic plants possessing M1PDH and M1Pase, as
Caloglossa M1Pase exhibits high specificity and
affinity to mannitol-1-P {Iwamoto et al., 2001).
Introducing M1Pase should also confer the advan-
tage of directing the subcellular localization of
mannitol by expression in the cytosol, similar
to other mannitol-accumulating photosynthetic
organisms (Rumpho et al.,, 1983; Karsten et al.,
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1997Db). Furthermore, introducing the enzyme may
avoid over accumulation of mannitol, as Caloglossa
M1Pase activity is subject to product feedback reg-
ulation by mannitol. Therefore introducing both
Caloglossa M1PDH and M1Pase may solve the
problems of carbon and energy metabolism disrup-
tion, over accumulation of mannitol, and accumu-
lation under nonstress conditions (Hare et al., 1998;
Abebe et al., 2003).
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